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The bulbs of the Easter lily (Lilium longiflorum Thunb.) are regularly consumed in Asia as both food and

medicine, and the beautiful white flowers are appreciated worldwide as an attractive ornamental. The

Easter lily is a rich source of steroidal glycosides, a group of compounds that may be responsible for

some of the traditional medicinal uses of lilies. Since the appearance of recent reports on the role

steroidal glycosides in animal and human health, there is increasing interest in the concentration of these

natural products in plant-derived foods. A LC-MS/MS method performed in multiple reaction monitoring

(MRM) mode was used for the quantitative analysis of two steroidal glycoalkaloids and three furostanol

saponins, in the different organs of L. longiflorum. The highest concentrations of the total five steroidal

glycosides were 12.02 ( 0.36, 10.09 ( 0.23, and 9.36 ( 0.27 mg/g dry weight in flower buds, lower

stems, and leaves, respectively. The highest concentrations of the two steroidal glycoalkaloids were

8.49 ( 0.3, 6.91 ( 0.22, and 5.83 ( 0.15 mg/g dry weight in flower buds, leaves, and bulbs, respectively.

In contrast, the highest concentrations of the three furostanol saponins were 4.87 ( 0.13, 4.37 ( 0.07,

and 3.53 ( 0.06 mg/g dry weight in lower stems, fleshy roots, and flower buds, respectively. The

steroidal glycoalkaloids were detected in higher concentrations as compared to the furostanol saponins in

all of the plant organs except the roots. The ratio of the steroidal glycoalkaloids to furostanol saponins

was higher in the plant organs exposed to light and decreased in proportion from the aboveground

organs to the underground organs. Additionally, histological staining of bulb scales revealed differential

furostanol accumulation in the basal plate, bulb scale epidermal cells, and vascular bundles, with little or

no staining in the mesophyll of the bulb scale. An understanding of the distribution of steroidal glycosides

in the different organs of L. longiflorum is the first step in developing insight into the role these

compounds play in plant biology and chemical ecology and aids in the development of extraction and

purification methodologies for food, health, and industrial applications. In the present study, (22R,25R)-

spirosol-5-en-3β-yl O-R-L-rhamnopyranosyl-(1f2)-β-D-glucopyranosyl-(1f4)-β-D-glucopyranoside,
(22R,25R)-spirosol-5-en-3β-yl O-R-L-rhamnopyranosyl-(1f2)-[6-O-acetyl-β-D-glucopyranosyl-(1f4)]-

β-D-glucopyranoside, (25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-triol 3-O-R-L-rhamno-

pyranosyl-(1f2)-β-D-glucopyranosyl-(1f4)-β-D-glucopyranoside, (25R)-26-O-(β-D-glucopyranosyl)-
furost-5-ene-3β,22R,26-triol 3-O-R-L-rhamnopyranosyl-(1f2)-R-L-arabinopyranosyl-(1f3)-β-D-gluco-
pyranoside, and (25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-triol 3-O-R-L-rhamnopyra-

nosyl-(1f2)-R-L-xylopyranosyl-(1f3)-β-D-glucopyranoside were quantified in the different organs

of L. longiflorum for the first time.
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INTRODUCTION

The Easter lily (Lilium longiflorum Thunb., family Liliaceae),
with its showy white flowers and fragrant aroma, is enjoyed
worldwide as an attractive ornamental plant. Easter lilies are
most commonly seen as indoor potted plants or floral arrange-
ments around the Easter holidays; however, they are also often
planted outdoors as bedding plants in flower gardens. In addition
to their esthetic value, lily bulbs and flower buds are regularly

consumed as a food in Asia for their distinctive bitter taste and
have a long historical use in traditional Chinese medicine. In
particular, a preparation of bulbs of various Lilium species,
referred to as “Bai-he”, is used as a treatment for inflammation
and lung ailments (1, 2). Among many other secondary metabo-
lites, L. longiflorum is a rich source of steroidal glycosides, a
structurally diverse class of natural products that includes ster-
oidal saponins and steroidal glycoalkaloids.

Steroidal glycosides have been reported to exhibit a wide
range of biological activities including antifungal (3 , 4 ),
platelet aggregation inhibition (5 , 6 ), anticholinergic (7 ),
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antidiabetic (8), antihypertensive (9), cholesterol lowering (10),
anti-inflammatory (11), antiviral (12), and anticancer (13-16).
Additionally, steroidal glycosides have a wide variety of com-
mercial uses including as surfactants (17), foaming agents (18),
and vaccine adjuvants (19) and serve as precursors for the
industrial production of pharmaceutical steroids (20).

Steroidal saponins have been found in over 100 plant families
and in some marine organisms such as starfish and sea cucum-
ber (21). They are characterized by a steroid type skeleton
glycosidically linked to carbohydrate moieties. Steroidal gly-
coalkaloids are characterized by a nitrogen-containing steroid
type skeleton glycosidically linked to carbohydrate moieties.
In contrast to steroidal saponins, the occurrences of steroidal
glycoalkaloids are, thus far, limited to members of the plant
families Solanaceae and Liliaceae (22, 23). Some glycoalkaloids
from solanaceaous plants have been shown to play a role in plant
defense and are toxic to animals and humans. The potato
glycoalkaloids, R-solanine and R-chaconine, are highly toxic to
animals due to their interaction with membrane sterols, disrup-
tion of cell membranes, and inhibition of acetylcholinesterase,
suggesting a biological role in antiherbivory (24). In Lilium,
steroidal glycoalkaloids have been identified in L. philippinense
Baker (25),L. candidumL. (26), andL. brownii var. viridulum (27),
and recently solasodine-based glycoalkaloids were identified for
the first time from L. longiflorum (28). Interestingly, both the
leaves and flowers of L. longiflorum have been reported to be
highly nephrotoxic to domesticated cats; however, the toxic
compounds have yet to be identified (29, 30). Although it has
been reported that solasodine-based glycoalkaloids are less toxic
then solanidine-based glycoalkaloids (31), the animal and human
toxicity of the steroidal glycoalkaloids fromL. longiflorum has yet
to be investigated.

Although the putative biological activities of steroidal glyco-
sides are well documented, the biological role of these compounds
in plant metabolism and development is poorly understood. The
role of steroidal glycosides in wound response and plant defense,
including antifungal and antiherbivory, has been studied
extensively (32-45). In fact, some steroidal glycosides are toxic
to insects such as the European corn borer,Ostrinia nubialis (33),
and army worm, Spodoptera littoralis (34). In oats, Avena sativa,
biologically inactive steroidal saponins are converted into an
antifungal form in response to tissue damage, suggesting a role in
the plant-pathogen interaction (36, 40, 43, 44). In addition, the
steroidal glycoalkaloids R-tomatine and R-chaconine play a role
in fungal resistance of tomato,Solanum lycopersicum, and potato,
Solanum tuberosum, respectively (37). Although the literature
suggests that steroidal glycosides are involved in the plant-
pathogen interaction and antiherbivory in oats, tomato, and potato,
there are no reports on biological role of steroidal glycosides in
L. longiflorum.

Recently, two steroidal glycoalkaloids, (22R,25R)-spirosol-5-
en-3β-yl O-R-L-rhamnopyranosyl-(1f2)-β-D-glucopyranosyl-
(1f4)-β-D-glucopyranoside (1) and (22R,25R)-spirosol-5-en-3β-
yl O-R-L-rhamnopyranosyl-(1f2)-[6-O-acetyl-β-D-glucopyranosyl-
(1f4)]-β-D-glucopyranoside (2), and three furostanol saponins,
(25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-triol 3-O-
R-L-rhamnopyranosyl-(1f2)-β-D-glucopyranosyl-(1f4)-β-D-
glucopyranoside (3), (25R)-26-O-(β-D-glucopyranosyl)furost-
5-ene-3β,22R,26-triol 3-O-R-L-rhamnopyranosyl-(1f2)-R-L-
arabinopyranosyl-(1f3)-β-D-glucopyranoside (4), and (25R)-
26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-triol 3-O-R-L-
rhamnopyranosyl-(1f2)-R-L-xylopyranosyl-(1f3)-β-D-glucopyr-
anoside (5), were identified in L. longiflorum (28). Although
steroidal glycosides have attracted scientific attention in recent
years for their medicinal and industrial uses, there are only a few

studies that have quantified these compounds within different
plant organs throughout plant development. The organ distribu-
tion of steroidal glycosides in various plants such as Solanum
nigrum, Solanum incanun (46), Asparagus officinalis L. (47), and
Dioscorea pseudojaponica (48) has been reported; however, there
are no studies on the distribution of steroidal glycosides in
L. longiflorum.

Steroidal glycosides lack a strong chromophore and occur in
complex biological matrices; therefore, nonspecific short-wave-
length UV detection is often inadequate. Analytical methods
using evaporative light scattering detection (ELSD) are used to
help overcome this obstacle; however, laborious sample prepara-
tion and sensitivity issues persist (49). LC-MSmethods operating
in selected ion monitoring (SIM) mode have been developed to
increase sensitivity and specificity; however, the separation of
structurally similar compounds and shared ions still poses a
challenge (23, 49). LC-MS/MS in MRM mode overcomes these
obstacles, allowing for sensitive quantitative analysis in complex
biological matrices with increased specificity over SIM.

The purpose of this investigation was to utilize LC-MS/MS in
MRM mode to quantify five steroidal glycosides in the different
organs of L. longiflorum. Additionally, histological techniques
were employed to qualitatively visualize tissue-specific localiza-
tion of furostanols in bulb scales. An understanding of the
distribution and tissue specific localization of steroidal glycosides
in L. longiflorum is the first step to develop insight into the
biological role these compounds play in plant metabolism,
plant development, and chemical ecology. Quantitative analysis of
steroidal glycosides in the different organs ofL. longiflorumwill aid
in development studies in animal and human health, toxicology,
and optimization of extraction methodologies for potential com-
mercial applications including functional foods, cosmetics, and
pharmaceuticals.

MATERIALS AND METHODS

Plant Material. Ten L. longiflorum cv. 7-8 plants were grown from
tissue-cultured bulbs provided by the Rutgers University Easter lily
breeding program. The young bulbs were treated with Captan (Bayer
CropScience AG, Monheim am Rhein, Germany) fungicide prior to
planting. Bulbs were planted in raised beds containing Pro-Mix (Premier
Horticulture Inc., Quakertown, PA) soil mix and were grown to mature
plants, containing both flower buds and flowers, under greenhouse
conditions for 9 months prior to harvest. The greenhouse temperatures
were set to provide a minimum day temperature of 24 �C and a minimum
night temperature of 18 �C.Plantswere fertilized biweeklywith a 100mg/L
solution of NPK 15-15-15 fertilizer (J. R. Peters Inc., Allentown, PA).
Each plant was harvested by hand and manually separated into the
following plant organs: bulb scales, fibrous roots, fleshy roots, leaves,
lower stems, upper stems, flower buds, and mature flowers. Bulb scales
included both inner and outer bulb scales and ranged from 0.8 to 2.0 cm in
width and from0.9 to 4.0 cm in length. Fibrous roots were 0.25-0.5mm in
diameter. Fleshy roots were 2-4 mm in diameter. Leaves ranged in size
from 6 to 14 cm. Lower stems were defined as the underground portion of
the stem, ranged in size from 6 to 10 cm, and were from white to yellow in
appearance. Upper stems were defined as the aboveground portion of the
stem, ranged in size from 19 to 31 cm, and were green in appearance.
Flower buds ranged in size from 3 to 6 cm. Mature flowers ranged in size
from 6 to 14 cm. All of the organs from 10 individual plants were pooled
together by organ type, immediately frozen under liquid nitrogen, lyoph-
ilized on a VirTis AdVantage laboratory freeze-dryer (SP Industries Inc.,
Warminster, PA), and stored at -80 �C until analyzed.

Chemicals. The following compounds were obtained commercially:
p-(dimethylamino)benzaldehyde, hydrochloric acid, and pyridine-d5 (0.3%v/v
TMS) (Sigma-Aldrich, St. Louis, MO). All solvents (acetonitrile, chloro-
form, ethanol, ethyl acetate, formic acid, n-butanol, and n-pentane) were
of chromatographic grade (ThermoFisher Scientific Inc., Fair Lawn, NJ).
Water was deionized (18 MΩ cm) using a Milli-Q water purification
system (Millipore, Bedford, MA).



Article J. Agric. Food Chem., Vol. 59, No. 3, 2011 997

Histology andMicroscopy.Histological detection of furostanols was
modified from the method of Gurielidze et al. (50). Bulb scales were
carefully cross-sectioned (∼0.5 mm) parallel to the basal plate, soaked for
2 min in a solution of Ehrlich’s reagent [3.2 g of p-(dimethylamino)-
benzaldehyde in 60 mL of 95% ethanol and 60 mL of 12 N HCl], and
briefly heated on a microscope slide under an open flame. Transmitted
lightmicroscopywas performedwith anAxiovert 200 invertedmicroscope
(Carl Zeiss Microimaging Inc., Thornwood, NY) at magnifications of
10�, 20�, and 40�. Axiovision version 3.0 software was used for image
acquisition. Furostanol localization was visualized as dark red areas.

Purification and Confirmation of Analytical Standards. Closely
following the procedure recently reported in our previous study (28), the
steroidal glycosides 1-5 were isolated as analytical standards from
lyophilized L. longiflorum bulbs (Figure 1). Briefly, lyophilized lily bulb
powder was washed with n-pentane and extracted with ethanol and
deionized water (7:3, v/v). After the removal of solvent, the extract was
dissolved in deionized water, washedwith ethyl acetate, and extractedwith
n-butanol. The organic phase was evaporated under reduced pressure and
lyophilized, yielding a crude steroidal glycoside extract. The crude glyco-
side extract was fractionated by gel permeation chromatography and
repeated semipreparative RP-HPLC to yield compounds 1-5. The stan-
dardswere obtained as white amorphous powders in high purity,>98%, as
determined by LC-MS and NMR.

Compound 1, (22R,25R)-spirosol-5-en-3β-yl O-R-L-rhamnopyranosyl-
(1f2)-β-D-glucopyranosyl-(1f4)-β-D-glucopyranoside. 1H NMR and
13C NMR were consistent with the literature (27).

Compound 2, (22R,25R)-spirosol-5-en-3β-yl O-R-L-rhamnopyranosyl-
(1f2)-[6-O-acetyl-β-D-glucopyranosyl-(1f4)]-β-D-glucopyranoside. 1H
NMR and 13C NMR were consistent with the literature (28).

Compound 3, (25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-
triol 3-O-R-L-rhamnopyranosyl-(1f2)-β-D-glucopyranosyl-(1f4)-β-D-glu-
copyranoside. 1H NMR and 13C NMR were consistent with the
literature (51 ).

Compound 4, (25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-
triol 3-O-R-L-rhamnopyranosyl-(1f2)-R-L-arabinopyranosyl-(1f3)-β-D-
glucopyranoside. 1H NMR and 13C NMR were consistent with the
literature (28).

Compound 5, (25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-
triol 3-O-R-L-rhamnopyranosyl-(1f2)-R-L-xylopyranosyl-(1f3)-β-D-glu-
copyranoside. 1H NMR and 13C NMR were consistent with the litera-
ture (28).

Nuclear Magnetic Resonance Spectroscopy (NMR). One-dimensional
1H NMR and 13C NMR spectra were acquired on an AMX-400 spectro-
meter and an AMX-500 spectrometer (Bruker, Rheinstetten, Germany).
Samples for NMR analysis were dissolved in pyridine-d5, and chemical
shifts were calculated as δ values with reference to tetramethylsilane
(TMS).

Quantitative Analysis of Steroidal Glycosides in Lilium long-
iflorum. Sample Preparation. Lyophilized lily organ samples were re-
moved from the freezer and allowed to reach room temperature. The samples
were ground to a fine powder with a laboratory mill (IKA Labortechnik,
Staufen,Germany) and passed through a sieve (pore size=270mesh) (W. S.
Tyler Inc., Mentor, OH). Each sample (125 mg except 250 mg for fibrous
roots and fleshy roots) was weighed separately and transferred into a 50 mL
volumetric flask, which was partially filled with ethanol and deionized water
(7:3, v/v; 35 mL each). The samples were then extracted on a wrist-action
autoshaker (45 min) (Burrell Scientific, Pittsburgh, PA), sonicated in an
ultrasonic water bath (30 min) (B3500A-DTH ultrasonic bath, VWR
International Inc., West Chester, PA), and filled to full volume (50 mL) with
ethanol and deionized water (7:3, v/v). The solution was transferred to a
centrifuge tube, centrifuged (5000 rpm for 10 min) (Sorvall RC-3C Plus,
Thermo Fisher Scientific Inc.), and filtered through a 0.45 μm PTFE syringe
filter (Thermo Fisher Scientific Inc.) prior to LC-MS/MS analysis.

Analytical Standard Preparation. Steroidal glycosides 1-5, isolated
and purified as described previously (28), were used as analytical stan-
dards. The analytical standards were accurately weighed into volumetric
flasks (10 mL) and partially filled with ethanol and deionized water
(7:3, v/v; 7 mL each). Solutions were sonicated (5 min) and filled to full
volume (10 mL) with ethanol and deionized water (7:3, v/v). Solutions
used for calibration curves were prepared by dilution of the stock
solutions. External calibration curves were established over six data points
covering a concentration range of 0.086-2.75 μg/mL for compound 1 and
0.078-2.5μg/mL for compounds 2-5.Meanareas (n=3) generated from
the standard solutions were plotted against concentration to establish
calibration equations. Standard solutions were stored at 4 �C and were
allowed to reach room temperature prior to analysis.

Liquid Chromatography-Mass Spectrometry (LC-MS/MS). LC-MS/
MS analysis of L. longiflorum extracts was performed using an Agilent
1200 series HPLC system (Agilent Technologies Inc., Santa Clara, CA)
equipped with a FC/ALS Therm autosampler thermostat, a HiP-ALS SL
autosampler, a BIN Pump SL binary pump, a TCC SL thermostated
column compartment, and aDADSLdiode array detector, interfaced to a
6410 triple-quadrupole LC-MS mass selective detector equipped with an
API-ESI ionization source. Chromatographic separationswere performed
on a Prodigy C18 column (250 � 4.6 mm i.d.; 5.0 μm particle size)
(Phenomenex, Torrance, CA) operated at a flow rate of 1.0 mL min-1,
column temperature set to 25 �C, and an injection volume of 10 μL.
The binary mobile phase consisted of (A) 0.1% formic acid in deionized
water and (B) 0.1% formic acid in acetonitrile. Chromatographic separa-
tionswere performedusing a linear gradient of 15-43%Bover 40min and
then to 95% B over 5 min; thereafter, elution with 95% B was performed
for 10 min. The re-equilibration time was 10 min. MassHunter Work-
station Data Acquisition, Qualitative Analysis, and Quantitative Analysis
software were used for data acquisition and analysis. Quantitative analysis
was performed in positive ion mode. Ionization parameters included
capillary voltage, 3.5 kV; nebulizer pressure, 35 psi; drying gas flow,
10.0 mL min-1; and drying gas temperature, 350 �C. Full-scan mass data
were collected for a mass range of m/z 100-1500. MS2 experiments were
conducted for precursor and product ion selection for steroidal glycoalk-
aloids 1 and 2 (Figure 2) and furostanol saponins 3-5 (Figure 3). Flow
injection analysis (FIA) experiments were performed to optimize frag-
mentor voltages and collision energies. The fragmentor voltage was set at
120 V, and collision energies were set to 60, 55, 30, 25, and 25 for
compounds 1-5, respectively. Bymeansof theMRMmode, the individual
steroidal glycosides were analyzed using the following mass transitions: 1,
m/z 926.5 f 908.5; 2, m/z 884.5 f 866.5; 3, m/z 1047.5 f 885.5; 4, m/z
1017.5 f 855.5; 5, m/z 1017.5 f 855.5 (Figure 4).

Recovery. Recovery rates were calculated using the standard addition
method (52). Lyophilized and finely ground lily organs were separately
weighed, transferred into volumetric flasks (50mL), and spiked with three
different concentrations (50, 100, and 200 μg/g) of purified reference
standards dissolved in ethanol anddeionizedwater (7:3, v/v). The volumetric

Figure 1. Structures of steroidal glycoalkaloids 1 and 2 and furostanol
saponins 3-5 quantified in the various L. longiflorum organs.
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flasks were then partially filledwith ethanol and deionized water (7:3, v/v; 35
mL each). After extraction on a laboratory shaker (45 min) and sonication
(30 min), they were filled to full volume (50 mL) with ethanol and deionized
water (7:3, v/v). Quantitative analysis was then performed as described
above. The recovery rate for each steroidal glycoside in the different plant
organs was calculated by comparing the amount of standard in the spiked
sample with the content found in the lily organ sample that was not spiked
with additional standards (control). Each analysis was performed in
triplicate.

Thin Layer Chromatography (TLC). L. longiflorum bulb extract,
prepared as described above, was evaporated under reduced pressure
(30 �C; 1.0 � 10-3 bar) using a Laborota 4003 rotary evaporator

(Heidolph Brinkman LLC, Elk Grove Village, IL) and lyophilized.
Lyophilized bulb extract (1 mg) and compounds 3-5 (1 mg) were indivi-
dually dissolved inmethanol (0.5mL), spotted on a 20 cm�20 cm silica gel
60 F254 TLC plate (Merck & Co., Inc., Whitehouse Station, NJ), and
developed with chloroform/methanol/water (8:4:1, v/v/v). To detect
furostanols, TLC plates were developed with Ehrlich’s reagent [3.2 g of
p-(dimethylamino)benzaldehyde in 60 mL of 95% ethanol and 60 mL of
12NHCl] and heated to 110 �C for 5min. Bright red spots were indicative
of a positive reaction.

Statistical Analysis. To examine differences in concentrations of
steroidal glycosides in the different plant organs, data were subjected to
analysis of variance (ANOVA) and means were separated with Fisher’s
protected LSD (R = 0.05) using SAS version 9.2 for Windows (SAS
Institute Inc., Cary, NC).

RESULTS AND DISCUSSION

Quantification of Steroidal Glycosides in the Different Organs of

L. longiflorum. Recently, five steroidal glycosides including two
steroidal glycoalkaloids and three furostanol saponins were iden-
tified in L. longiflorum (28). To investigate the natural distribu-
tion of these compounds in the different organs of L. longiflorum,
compounds 1-5were purified as analytical standards. To quantify
compounds 1-5 in different organs of L. longiflorum, extracts
prepared from bulb scales, fibrous roots, fleshy roots, leaves,
lower stems, upper stems, flower buds, and mature flowers were
analyzed by LC-MS/MS operating in MRM mode. To assess
linearity, calibration curves were constructed over a range of six
concentrations. Good linearity was achieved over the concentra-
tion ranges of 0.086-2.75 μg/mL for compound 1 and 0.078-
2.50 μg/mL for compounds 2-5. The correlation coefficients for
compounds 1-5 ranged from R2 = 0.9997 to R2 = 0.9999. To
assess the accuracy of the analytical method, recovery rates were
calculated for compounds 1-5 in each plant organ. Standards
were added in defined amounts to each plant organ sample prior to
quantitative analysis and compared to a control with no standard
addition. Recovery rates were calculated in the bulb scales (98.7-
100.2%), fibrous roots (95.7-102.4%), fleshy roots (98.6-
102.0%), leaves (95.8-103.0%), lower stems (97.7-100.1%),
upper stems (95.9-102.3%), flower buds (95.3-101.0%), and
mature flowers (96.3-101.9%). The recovery rates for compounds
1-5 in all organs analyzed were within the range of 95.7-103.0%.
The precision of the method was tested by multiple injections of
the same bulb scale sample (n = 6) and calculating the relative
standarddeviation (RSD) of compounds 1-5. TheRSDvalues for
compounds 1-5 were 3.24, 2.54, 4.51, 1.63, and 2.58%, res-
pectively. These data clearly demonstrate acceptable recovery
rates, RSD, and linearity, suggesting that the LC-MS/MSmethod
operating in MRM mode is a reliable method for the accurate
quantitative determination of compounds 1-5 in the different
organs of L. longiflorum.

Concentrations of compounds 1-5 were quantitatively deter-
mined in bulb scales, fibrous roots, fleshy roots, leaves, lower stems,
upper stems, flower buds, andmature flowers ofL. longiflorum cv. 7-8.
The highest concentrations of the total five steroidal glycosides
were 12.02 ( 0.36, 10.09 ( 0.23, and 9.36 ( 0.27 mg/g dry weight
in flower buds, lower stems, and leaves, respectively (Table 1).
Interestingly, the proportions of the steroidal glycoalkaloids 1 and 2
to furostanol saponins 3-5 were variable and decreased from the
aboveground plant organs to the underground organs (Figure 5).
The highest concentrations of the two steroidal glycoalkaloids were
8.49( 0.3, 6.91( 0.22, and 5.83( 0.15 mg/g dry weight in flower
buds, leaves, and bulbs, respectively (Table 1). The two steroidal
glycoalkaloids, 1 and 2, had a similar pattern of distribution in the
various organs of L. longiflorum (Figure 6). Compound 1 occurred
in significantly different concentrations in all of the plant organs
analyzed, except for the concentration in the bulb scale compared to

Figure 2. MS2 product ion spectra of steroidal glycoalkaloids 1 and 2.

Figure 3. MS2 product ion spectra of furostanol saponins 3-5.
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the lower stem, which were not significantly different from each
other. Compound 1 occurred in the highest concentration of 4.82(
0.19mg/g in the flowerbuds followedby4.23(0.01mg/g in the leaf
tissue. The concentration of 1 was significantly higher in the lower

stem as compared to the upper stem, at 3.17 ( 0.05 and 2.87 (
0.15 mg/g, respectively. In the underground organs, compound 1

occurred in the highest concentration of 3.31 ( 0.12 mg/g in the
bulb scale as compared to the lowest concentrations of 0.30( 0.05

Figure 4. MS/MS chromatograms for the quantitative analysis of compounds 1-5 in a L. longiflorum bulb scale using multiple reaction monitoring (MRM)
mode.

Table 1. Concentrations of Compounds 1-5 in the Different Organs of L. longiflorum

concentrationa (mg/g dw)

compound bulb scale fibrous root fleshy root leaf lower stem upper stem bud flower

1 3.31c( 0.12 0.30g( 0.05 0.55f( 0.02 4.23b( 0.01 3.17c( 0.05 2.87d( 0.15 4.82a( 0.19 1.96e( 0.03

2 2.52bc( 0.07 0.26f( 0.04 0.44f( 0.01 2.68b( 0.22 2.05d( 0.05 2.34c( 0.12 3.67a( 0.11 0.96e( 0.05

total 1-2 5.83c( 0.15 0.56g( 0.09 0.99f( 0.01 6.91b( 0.22 5.22d( 0.1 5.21d( 0.27 8.49a( 0.30 2.92e( 0.07

3 1.51c( 0.08 0.47f( 0.03 1.55c( 0.01 2.01b( 0.07 1.50c( 0.12 1.15d( 0.04 2.92a( 0.06 0.88e( 0.05

4 0.81c( 0.04 0.26f( 0.02 1.76b( 0.04 0.29f( 0.01 2.18a( 0.04 0.67d( 0.03 0.41e( 0.01 0.35e( 0.01

5 0.69c( 0.05 0.13f( 0.01 1.06b( 0.03 0.15f( 0.01 1.19a( 0.02 0.37d( 0.04 0.20e( 0.01 0.22e( 0.01

total 3-5 3.01d( 0.17 0.86h( 0.07 4.37b( 0.07 2.45e( 0.09 4.87a( 0.13 2.19f( 0.05 3.53c( 0.06 1.45g( 0.05

total 1-5 8.84d( 0.3 1.42h( 0.14 5.36f( 0.08 9.36c( 0.27 10.09b( 0.23 7.4e( 0.32 12.02a( 0.36 4.38g( 0.12

aConcentrations are means of triplicates ( SD, expressed on a dry weight basis (dw). Values with the same letter in each row are not significantly different (p < 0.05).
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and 0.55 ( 0.02 mg/g in the fibrous roots and fleshy roots,
respectively. Compound 2, the acetylated derivative of compound
1, was distributed similarly to compound 1; however, it generally
occurred in slightly lower concentrations. Compound 2 occurred in
the highest concentration of 3.67 ( 0.11 mg/g in the flower bud
followed by 2.68( 0.22mg/g in the leaf tissue and 2.52( 0.07mg/g
in the bulb scale. In contrast to compound 1, compound 2 was
significantly higher in the upper stem as compared to the lower
stem, at 2.34 ( 0.12 and 2.05 ( 0.05 mg/g, respectively. The con-
centration of compound 2 was not significantly different between
bulb scales and leaves, 2.52 ( 0.07 and 2.68 ( 0.22 mg/g, bulbs
scales and upper stem, 2.52 ( 0.07 and 2.34 ( 0.12 mg/g, and
between fibrous roots and fleshy roots, 0.26 ( 0.04 and 0.44 (
0.01 mg/g. Both steroidal glycoalkaloids occurred in the lowest
concentration in the fleshy roots and fibrous roots as compared to the
other organs of the plant. Interestingly, compounds 1 and 2 were

lower in the flowers as compared to flower buds, which con-
tained the highest concentration of both compounds. Similar to
solanaceous plants, paired glycoalkaloids were found that differ
only in the composition of the carbohydrate moiety (24, 31).
Although glycoalkaloids are also present in the edible parts of
solanaceous plants, they can be toxic. Solanidine glycoalkaloids
found in potato tubers are generally considered to be safe at
concentrations of <0.2 mg/g fresh weight (53). Lily bulbs contain
solasodine glycoalkaloids similar to the glycoalkaloids found in
eggplant, and these compounds are less toxic than the solanidine-
based compounds (31). The content of steroidal glycoalkaloids, 1
and 2, in lily bulbs and flower buds is>0.2mg/g freshweight, but is
similar to the content of solasonine and solamargine found in
Solanum macrocarpon, the Gboma eggplant, consumed in parts of
Africa, SoutheastAsia, and theCaribbean. The glycoalkaloid levels
in the fruits of Gboma eggplant are 5-10 times higher than the
levels that are considered to be safe for human consumption based
on current standards (24). Feeding experiments are clearly needed
to determine the safe levels ofL. longiflorum bulbs and flower buds
for human consumption and if the steroidal glycoalkaloids are the
toxic compounds in flowers and leaves that are responsible for
poisoning in domesticated cats. Nevertheless, solasodine-based
glycoalkaloids have been used to treat human skin carcinomas
and are of commercial interest as a rawmaterial for the production
of pharmaceutical steroids (46).

The distribution of the furostanol saponins 3-5was somewhat
different from that of the steroidal glycoalkaoids in the various
plant organs of L. longiflorum (Figure 7). The highest concentra-
tions of the three furostanol saponins were 4.87 ( 0.13, 4.37 (
0.07, and 3.53( 0.06mg/g dryweight in lower stems, fleshy roots,
and flower buds, respectively (Table 1). Structurally, compounds
3-5 are similar except for the interglycosidic linkage and terminal
saccharide residues of the C-3 trisaccharide moiety (Figure 1). In
compound 3, the terminal sugar is a (þ)-D-glucose linked from the
C-10 00 carbon of the terminal sugar to the C-40 carbon of the inner
glucose. In compound 4, the terminal sugar is (-)-L-arabinose
linked from the C-100 0 carbon to the C-30 carbon of the inner
glucose. Compound 5 has the same interglycosidic linkage as
compound 4; however, it contains a (þ)-(D)-xylose as the terminal
sugar. Compound 3 occurred in significantly different concentra-
tions in all of the plant organs except that the bulb scale, lower
stem, and fleshy roots were not significantly different. The
concentrations in the bulb scale, lower stem, and fleshy roots
were 1.51( 0.08, 1.50( 0.12, and 1.55( 0.01 mg/g, respectively.
Compound 3 occurred in the highest concentration of 2.92 (
0.06 mg/g in the flower buds followed by 2.01( 0.07 mg/g in the
leaf tissue. Interestingly, the fibrous roots had the lowest con-
centration, and similarly to the steroidal glycoalkaloids 1 and 2,
the flower buds had a higher concentration than the mature
flowers.

Compounds 4 and 5 had a similar pattern of distribution in the
various organs of L. longiflorum; however, compound 5 was
slightly lower than compound 4 in all plant organs. The concen-
trations of both compounds 4 and 5 were not significantly
different between fibrous roots and leaves or between flower
buds and mature flowers. Interestingly, in contrast to the other
compounds, compounds 4 and 5 occurred in the highest concen-
tration in the fleshy roots and occurred in lower concentrations in
the leaf tissue, flower buds, andmature flowers. The differences in
distribution of compounds 4 and 5 as compared to compound 3

may be due to differences in the carbohydrate moiety. Com-
pounds 4 and 5 both contain a pentose as the terminal sugar
linked via the C-30 carbon of the inner glucose, whereas com-
pound 3 contains a hexose linked via the C-40 carbon of the inner
glucose. Further studies involving site of biosynthesis, subcellular

Figure 5. Proportions of steroidal glycoalkaloids 1 and 2 to furostanol
saponins 3-5 in the different organs of L. longiflorum. Proportions are
based on mg/g dry weight basis.

Figure 6. Concentrations of steroidal glycoalkaloids 1 and 2 in the different
organs of L. longiflorum. Bars with the same letter are not significantly
different (p < 0.05).
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localization, and transport would have to be conducted to
support this hypothesis.

Histological Visualization of Furostanol Localization in Bulb

Scale Sections of L. longiflorum. The Ehrlich reagent color reac-
tion was employed to visualize furostanols in bulb scale sections.
The furostanols gave a bright red positive reaction, whereas the
steroidal glycoalkaloids were not positive for the reaction, sub-
stantiated by the staining of reference compounds that were
separated by TLC. Additionally, a crude extract of bulb scales
was separated by TLC, and only furostanol bands gave a positive
reaction, suggesting that staining bulb scales with Ehrlich reagent
should not produce positive reactions with nontarget compounds.
Macroscopically, bulb scale cross sections show accumulation of
furostanols in the outermost layers of the bulb scale. Additionally,
a positive reaction was observed surrounding three vascular
bundles located in the mesophyll, suggesting furostanol localiza-
tion is associated with vascular bundles and closely adjacent cells
(Figure 8). Interestingly, a positive reaction was not observed in
the mesophyll, suggesting preferential accumulation and elevated

levels of furostanols in the outermost layer of the bulb scale and
association with vascular bundles. Microscopically, furostanols
were visualized in the highest intensity within the cells of the basal
plate, and vascular bundles and preferential accumulation in the
intercellular spaces between the mesophyll cells and palisade cell
layer were observed (Figure 9). These observations are consistent
with a histochemical analysis of mature leaf slices of Achyranthus
bidentata that showed triterpenoid saponin accumulation in pali-
sade tissue and phloem cells of the main vein vascular bundles and
in phloem cells of the normal and medullary vascular bundles of
stem sections (54). Interestingly, in oats, A. sativa, the fluorescent
steroidal saponin, avenacin A-1, has been visualized under UV
light to be localized in the epidermal cell layer of roots (38).
Similarly, in a histological study ofDioscorea caucasia, furostanol
accumulation was observed in specialized idioblasts in the upper
and lower leaf epidermis and was not observed in the leaf
mesophyll (50). Consistent with the observations in D. caucasia
and A. bidentata, there was no positive staining reaction in the
mesophyll of the bulb scale of L. longiflorum, suggesting lower
levels of furostanols in these tissues.

Quantification of Steroidal Glycosides within Bulb Scales of

L. longiflorum. LC-MS/MS operating in MRM mode was
employed to quantitatively determine the levels of compounds
1-5 within whole bulb scales, the inner portion of bulb scales,
and the outermost portion of bulb scales. The outermost layers
of intact lyophilized bulb scales were carefully excised with a
scalpel. The excised outermost cell layer was approximately
15% of the average mass of the whole intact bulb scale.
Quantitative analysis was performed on whole bulb scale, the
outermost layer of bulb scale (mostly epidermal and subepi-
dermal cells), and the innermost layer of bulb scale (mostly
mesophyll and vascular bundles) (Table 2). Consistent with
what was observed from the histological experiment, concen-
trations of furostanols 3-5 were higher in the outermost
portion of the bulb scale verses the inner bulb scale tissue.
These quantitative data confirm the qualitative histological
observations made for localization of furostanols in bulb scale
sections. Interestingly, the steroidal glycoalkaloids 1 and 2 had
the same organ distribution pattern as the furostanols and
occurred in elevated levels in the outermost portion of the bulb.
The relative portions of compounds 1-5 in the outermost
layer of bulb scales were 38, 31, 20, 6, and 5%, respectively
(Figure 10). The relative portions of compounds 1-5 in the
innermost portion of bulb scales were 9, 12, 17, 34, and 28%,
respectively. The relative proportions of compounds 1-5 in the
outermost layer of the bulb scale are similar to that of the whole
bulb scale. The relative proportions of compounds 1-5 in the

Figure 7. Concentrations of furostanol saponins 3-5 in the different
organs of L. longiflorum. Bars with the same letter are not significantly
different (p < 0.05).

Figure 8. Histochemical staining of a bulb scale section. Arrows indicate
the epidermis (A) and three vascular bundles (B). Red color indicates the
presence of furostanols.
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innermost section of the bulb scale are most similar to those of
the fleshy roots, suggesting that the vascular bundles are most
likely contributing to the elevated levels of compound 3-5 in
this tissue, which is consistent with the histological visualiza-
tions (Figure 11). In summary, the outermost cell layer of bulb
scales that are associated with the bulb epidermis had elevated
levels of both steroidal glycoalkaloids and furostanols. The
innermost section of bulb scales had lower levels; however, the

proportions of furostanols to steroidal glycoalkaloids were
different, demonstrating that the cells associated with the
vascular bundles have proportions of compounds 1-5 similar
to those of the fleshy roots as compared to the bulb epidermis.
Elevated levels and preferential accumulation of steroidal
glycosides in the outermost cell layer of bulb scales and the
cells associated with vascular bundles may play a role in wound
response and plant-pathogen interaction of L. longiflorum.

Figure 9. Histochemical analysis of bulb basal plate and bulb scale sections: (A) Bulb basal plate and adjacent bulb scale section (lettered boxes indicate
topography of images B and C); (B) subepidermal intercellular furostanol accumulation along the palisade parenchyma of the basal plate (red); (C)
intercellular furostanol accumulation between spongy tissue cells and palisade parenchyma of the basal plate (red); (D) epidermal (red) andmesophyll cells of
a bulb scale section; (E) bulb scale epidermis (red), mesophyll and apical meristem (red); (F) apical meristerm (red) and mesophyll cells; (G) bulb scale
epidermal cells (red) and mesophyll cells. Furostanol localization is visualized as dark red areas. VB, vascular bundles; BP, basal plate; M, bulb scale
mesophyll; EP, epidermal cells; AP, apical meristem.
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In the present work, two steroidal glycoalkaloids, (22R,25R)-
spirosol-5-en-3β-yl O-R-L-rhamnopyranosyl-(1f2)-β-D-gluco-
pyranosyl-(1f4)-β-D-glucopyranoside and (22R,25R)-spirosol-
5-en-3β-yl O-R-L-rhamnopyranosyl-(1f2)-[6-O-acetyl-β-D-gluco-
pyranosyl-(1f4)]-β-D-glucopyranoside, and three furostanol
saponins, (25R)-26-O-(β-D-glucopyranosyl)furost-5-ene-3β,22R,26-
triol 3-O-R-L-rhamnopyranosyl-(1f2)-β-D-glucopyranosyl-(1f4)-
β-D-glucopyranoside, (25R)-26-O-(β-D-glucopyranosyl)furost-5-
ene-3β,22R,26-triol 3-O-R-L-rhamnopyranosyl-(1f2)-R-L-ara-
binopyranosyl-(1f3)-β-D-glucopyranoside, and (25R)-26-O-(β-
D-glucopyranosyl)furost-5-ene-3β,22R,26-triol 3-O-R-L-rhamno-
pyranosyl-(1f2)-R-L-xylopyranosyl-(1f3)-β-D-glucopyranoside,
were quantified in the different organs of L. longiflorum for
the first time. The highest concentrations of steroidal glyco-
sides were detected in flower buds, lower stems, and leaves. The
steroidal glycoalkaloids were detected in higher concentrations as

compared to the furostanol saponins in all of the plant organs
except for the fibrous and fleshy roots.Theproportionsof steroidal
glycoalkaloids to furostanol saponins were higher in the plant
organs exposed to light and decreased from the aboveground
organs to the underground organs. The highest concentrations of
the steroidal glycoalkaloids were detected in flower buds, leaves,
and bulbs. Both steroidal glycoalkaloids had a similar pattern of
distribution in the various plant organs; however, the acetylated
derivative occurred at lower levels. The furostanol saponins were
detected in the highest concentrations in the lower stems, fleshy
roots, and flower buds. Interestingly, the flower buds contained the
highest concentrations of compounds 1-3, and the fleshy roots
contained the highest levels of compounds 4 and 5. In addition,
differential accumulation of steroidal glycosides was observed in
the basal plate, bulb scale epidermal cells, and vascular bundles.
Quantitative analysis of steroidal glycosides in the different organs
of L. longiflorum is the first step to developing insight into the
biological role these compounds play in plant metabolism, plant
development, and plant-pathogen interactions. The results of this
study will aid in the development of future studies in animal and
human health and toxicology and of commercial applications such
as functional foods, cosmetics, and pharmaceuticals.

ACKNOWLEDGMENT

We thank Dr. Richard Merritt and the Rutgers University
Easter lily breeding program for providing lily bulbs.

LITERATURE CITED

(1) Mimaki, Y.; Ishibashi, N.; Ori, K.; Sashida, Y. Steroidal glycosides
from the bulbs of Lilium dauricum. Phytochemistry 1992, 31,
1753-1758.

(2) Mimaki, Y.; Sashida, Y. Steroidal saponins from the bulbs of Lilium
brownii. Phytochemistry 1990, 29, 2267-2271.

(3) Sautour, M.; Miyamoto, T.; Lacaille-Dubois, M. Steroidal saponins
from Smilax medica and their antifungal activity. J. Nat. Prod. 2005,
68, 1489-1493.

(4) Zhou, C.; Liu, J.; Ye, W.; Liu, C.; Tan, R. Neoverataline A and B,
two antifungal alkaloids with a novel carbon skeleton fromVeratrum
taliense. Tetrahedron 2003, 59, 5743-5747.

(5) Zhang, J.; Meng, Z.; Zhang, M.; Ma, D.; Xu, S.; Kodama, H. Effect
of six steroidal saponins isolated from Anemarrhenae rhizoma on
platelet aggregation and hemolysis in human blood.Clin. Chim. Acta
1999, 289, 79-88.

(6) Huang, H.; Tsai, W.; Morris-Natschke, S.; Tokuda, H.; Lee, K.;
Wu, Y.; Kuo, Y. Sapinmusaponins F-J, bioactive tirucallane-type
saponins from the galls ofSapindus mukorossi. J. Nat. Prod. 2006, 69,
763-767.

(7) Gilani, H.; Shaheen, F.; Christopoulos, A.; Mitchelson, F. Interac-
tion of ebeinone, an alkaloid from Fritillaria imperialis at two
muscarinic acetylcholine receptor subtypes. Life Sci. 1997, 60,
535-544.

(8) Nakashima, N.; Kimura, I.; Kimura, M.; Matsuura, H. Isolation of
pseudoprototimosaponin AIII from rhizomes of Anemarrhena as-
phodeloides and its hypoglycemic activity in streptozotocin-induced
diabetic mice. J. Nat. Prod. 1993, 56, 345-350.

(9) Oh, H.; Kang, D; Lee, S.; Lee, Y.; Lee, H. Angiotensin converting
enzyme (ACE) inhibitory alkaloids from Fritillaria ussuriensis.
Planta Med. 2003, 69, 564-565.

(10) Matsuura, H. Saponins in garlic as modifiers of the risk of cardio-
vascular disease. J. Nutr. 2001, 131, 1000-1005.

(11) Shao, B.; Guo, H.; Cui, Y.; Ye, M.; Han, J.; Guo, D. Steroidal
saponins from Smilax china and their anti-inflammatory activities.
Phytochemistry 2007, 68, 623-630.

(12) Gosse, B.; Gnabre, J.; Bates, R.; Dicus, C.; Nakkiew, P.; Huang, R.
Antiviral saponins from Tieghemella heckelii. J. Nat. Prod. 2002, 65,
1942-1944.

(13) Acharya, D.; Mitaine-Offer, A.; Kaushik, N.; Miyamoto, T.;
Paululat, T.; Mirjolet, J.; Duchamp, O.; Lacaille-Dubois, M.

Table 2. Concentrations of Compounds 1-5 in Whole Bulb Scale, Bulb
Epidermis, and Bulb Mesophyll

concentrationa (mg/g dw)

compound whole bulb scale bulb epidermis bulb mesophyll

1 3.31b( 0.12 13.76a ( 0.5 0.06c( 0.01

2 2.52b( 0.07 11.22a ( 0.3 0.07c( 0.01

3 1.51b( 0.08 7.27a ( 0.4 0.10c( 0.01

4 0.81b( 0.04 1.91a ( 0.1 0.20c( 0.02

5 0.69b( 0.05 1.90a ( 0.1 0.17c( 0.02

aConcentrations are means of triplicates( SD, expressed on a dry weight basis
(dw). Values with the same letter in each row are not significantly different (p < 0.05).

Figure 10. Proportions of compounds 1-5 in whole bulb scale, bulb
epidermis, and bulb mesophyll. Proportions are based on mg/g dry weight
basis.

Figure 11. Proportions of compounds 1-5 in different organs of
L. longiflorum. Proportions are based on mg/g dry weight basis.



1004 J. Agric. Food Chem., Vol. 59, No. 3, 2011 Munafo and Gianfagna

Cytotoxic spirostane-type saponins from the roots of Chlorophy-
tum borivilianum. J. Nat. Prod. 2009, 72, 177-181.

(14) Pettit, G.; Zhang, Q.; Pinilla, V.; Hoffmann, H.; Knight, J.; Doubek,
D.; Chapuis, J.; Pettit, R.; Schmidt, J. Antineoplastic agents. 534.
Isolation and structure of sansevistatins 1 and 2 from the African
Sansevieria ehrenbergii. J. Nat. Prod. 2005, 68, 729-733.

(15) Mimaki, Y.; Kuroda, M.; Fukasawa, T.; Sashida, Y. Steroidal
glycosides from the bulbs of Allium jesdianum. J. Nat. Prod. 1999,
62, 194-197.

(16) Jiang, Y.; Li, H.; Li, P.; Cai, Z.; Ye, W. Steroidal alkaloids from the
bulbs of Fritillaria puqiensis. J. Nat. Prod. 2005, 68, 264-267.

(17) Yamanaka, T.; Vincken, J.; DeWaard, P.; Sanders, M.; Takada, N.;
Gruppen, H. Isolation, characterization, and surfactant properties
of the major triterpenoid glycosides from unripe tomato fruits.
J. Agric. Food Chem. 2008, 56, 11432-11440.

(18) Singh, B.; Bhat, T.; Singh, B. Potential therapeutic applications of
some antinutritional plant secondary metabolites. J. Agric. Food
Chem. 2003, 51, 5579-5597.

(19) Rajput, Z.; Hu, S.; Xiao, C.; Arijo, A. Adjuvant effects of saponins
on animal immune responses. J. Zhejiang Univ. Sci. B 2007, 8,
153-161.

(20) Hansen, J. Steroids: partial synthesis in medicinal chemistry. Nat.
Prod. Rep. 2007, 24, 1342-1349.

(21) G€uc-l€u-
::
Ust€unda�g, €O.; Mazza, G. Saponins: properties, applications

and processing. Crit. Rev. Food Sci. Nutr. 2006, 47, 231-258.
(22) Li, H.; Jiang, Y.; Li, P. Chemistry, bioactivity and geographical

diversity of steroidal alkaloids from the Liliaceae family. Nat. Prod.
Rep. 2006, 23, 735-752.

(23) Ghisalberti, E. Steroidal glycoakaloids: isolation, structure, analysis
and biosynthesis. Nat. Prod. Commun. 2006, 10, 859-884.

(24) Sánchez-Mata, M.; Yokoyama, W.; Hong, Y.; Prohens, J. R-Solaso-
nine and R-solamargine contents of Gboma (Solanum macrocarpon L.)
and Scarlet (Solanum aethiopicum L.) eggplants. J. Agric. Food Chem.
2010, 58, 5502-5508.

(25) Espeso, E.; Guevara, B. Studies of the alkaloids of Lilium philippi-
nense Baker. Acta Manilana 1990, 38, 83-87.

(26) Erdo�gan, I.; Sener, B.; Rahmanb, A. Etioline, a steroidal alkaloid
from Lilium candidum L. Biochem. Syst. Ecol. 2001, 29, 535-536.

(27) Mimaki, Y.; Sashida, Y. Steroidal saponins and alkaloids from the
bulbs of Lilium brownii var. colchesteri. Chem. Pharm. Bull. (Tokyo)
1990, 31, 3055-3059.

(28) Munafo, J.; Ramanthan, A.; Jimenez, L.; Gianfagna, T. Isolation
and structural determination of steroidal glycosides from the bulbs
of Easter lily (Lilium longiflorumThunb.). J. Agric. FoodChem. 2010,
58, 8806-8813.

(29) Rumbeiha, W.; Francis, J.; Fitzgerald, S.; Nair, M.; Holan, K.;
Bugyei, K.; Simmons, H. A comprehensive study of Easter lily
poisoning in cats. J. Vet. Diagn. Invest. 2004, 16, 527-541.

(30) Langston, C. Acute renal failure caused by lily ingestion in six cats.
J. Am. Vet. Med. Assoc. 2002, 220, 49-52.

(31) Roddick, J. G.; Weissenberg, M.; Leonard, A. L. Membrane
disruption and enzyme inhibition by naturally-occurring and mod-
ified chacotriose-containing Solanum steroidal glycoalkaloids. Phy-
tochemistry 2001, 56, 603-610.

(32) Zullo, M.; Teixeira, J.; Spoladore, D.; Lourencao, A.; Aranha, C.
Content of glycoalkaloids in Solanum americanum infested by Aphis
fabae solanella. Bragantia 1984, 43, 255-259.

(33) Nozzolillo, C.; Arnason, J. T.; Campos, F.; Donskov, N.; Jurzysta,
M. Alfalfa leaf saponins and insect resistance. J. Chem. Ecol. 1997,
23, 995-1002.

(34) Adel, M. M.; Sehnal, F.; Jurzysta, M. Effects of alfalfa saponins
on the moth Spodoptera littoralis. J. Chem. Ecol. 2000, 26, 1065-
1078.

(35) Bowyer, P.; Clarke, B.; Lunness, P.; Daniels, M.; Osbourn, A. Host
range of a plant pathogenic fungus determined by a saponin
detoxifying enzyme. Science 1995, 267, 371-374.

(36) Osbourn, A. Preformed antimicrobial compounds and plant defense
against fungal attack. Plant Cell 1996, 8, 1821-1831.

(37) Morrissey, J.; Osbourn, A. Fungal resistance to plant antibiotics as a
mechanism of pathogenesis. Microbiol. Mol. Biol. Rev. 1999, 63,
708-724.

(38) Osbourn, A. Antimicrobial phytoprotectants and fungal pathogens:
a commentary. Fungal Genet. Biol. 1999, 26, 163-168.

(39) Papadopoulou, K.; Melton, R.; Leggett, M.; Daniels, M.; Osbourn,
A. Compromised disease resistance in saponin-deficient plants.Proc.
Natl. Acad. Sci. U.S.A. 1999, 96, 12923-12928.

(40) Morrissey, J.;Wubben, J.; Osbourn, A. Stagonospora avenae secretes
multiple enzymes that hydrolyze oat leaf saponins.Mol. Plant-Mic-
robe Interact. 2000, 13, 1041-1052.

(41) Trojanowska, M.; Osbourn, A.; Daniels, M.; Threlfall, D. Biosynth-
esis of avenacins and phytosterols in roots of Avena sativa cv. Image.
Phytochemistry 2000, 54, 153-164.

(42) Osbourn, A.; Qi, X.; Townsend, B.; Qin, B. Dissecting plant
secondary metabolism: constitutive chemical defences in cereals.
New Phytol. 2003, 59, 101-108.

(43) Osbourn, A. Saponins in cereals. Phytochemistry 2003, 62, 1-4.
(44) Hughes, H.; Morrissey, J.; Osbourn, A. Characterisation of the

saponin hydrolysing enzyme avenacoside-R-L-rhamnosidase from
the fungal pathogen of cereals, Stagonospora avenae. Eur. J. Plant
Pathol. 2004, 110, 421-427.

(45) Choi, D.; Bostock, R.; Avdiushko, S.; Hildebrand, D. Lipid-derived
signals that discriminate wound- and pathogen-responsive isopre-
noid pathways in plants: methyl jasmonate and the fungal elicitor
arachidonic acid induce different 3-hydroxy-3-methylglutaryl-coen-
zyme A reductase genes and antimicrobial isoprenoids in Solanum
tuberosum L. Plant Mol. Biol. 2005, 57, 225-239.

(46) Eltayeb, E.; Al-Ansari, A.; Roddick, J. Changes in the steroidal
alkaloid solasodine during development of Solanum nigrum and
Solanum incanum. Phytochemistry 1997, 46, 489-494.

(47) Wang, M.; Tadmor, Y.; Wu, Q.; Chin, C.; Garrison, S.; Simon, J.
Quantification of protodioscin and rutin in asparagus shoots by LC/
MS and HPLCmethods. J. Agric. Food Chem. 2003, 51, 6132-6136.

(48) Lin, J.; Yang, D. Determination of steroidal saponins in different
organs of yam (Dioscorea pseudojaponica Yamamoto). Food Chem.
2008, 108, 1068-1074.

(49) Oleszek, W.; Bialy, Z. Chromatographic determination of plant
saponins;an update (2002-2005). J. Chromatogr., A 2006, 1112,
78-91.

(50) Gurielidze, K.; Gogoberidze, M.; Dadeshidze, I.; Vardosanidze, M.;
Djaoshvili, M.; Lomkatsi, N. Tissue and subcellular localization of
oligofurostanosides and their specific degrading β-glucosidase in
Dioscorea caucasica Lipsky. Phytochemistry 2004, 65, 555-559.

(51) Ori, K.;Mimaki, Y.;Mito, K.; Sashida, Y.; Nikaido, T.; Ohmoto, T.;
Masuko, A. Jatropham derivatives and steroidal saponins from the
bulbs of Lilium hansonii. Phytochemistry 1992, 38, 2767-75.

(52) Skoog, D.; Holler, F.; Nieman, T. Introduction. In Principles of
Instrumental Analysis, 5th edition; Brooks/Cole Publishing: Belmont,
CA, 1997; pp 15-18.

(53) Sinden, S.; Webb, R. Effect of variety and location on the glycoalk-
aloid content of potatoes. Am. Potato J. 1972, 49, 334-338.

(54) Li, J.; Hu, Z. Accumulation and dynamic trends of triterpenoid
saponin in vegetative organs of Achyranthus bidentata. J. Integr.
Plant Biol. 2008, 51, 122-129.

Received for review September 20, 2010. Revised manuscript received

December 10, 2010. Accepted December 13, 2010.


